INTRODUCTION
Availability of cost effective and powerful permanent magnets (PM), low loss modern solid state switching devices, Hall-Effect sensors, d-Space and DSP (Digital Signal Processor) / microcontroller have given an impetus to the extensive research and ever growing market of PMBL motors. These motors have higher specific power density, higher torque density and higher efficiency as compared to the conventional motors. They are normally categorized as PMBLDC, PMBLAC (or PMSM), DSPM (Doubly Salient PM) motor etc [1, 2, 3, 4, 5, 6] . The rotor is in a form of a cylindrical rotor or a disk rotor or a hub-rotor. There are two types of PMBL motors depending on the mounting of rotor PM; Surface Mounted PM (SMPM) and Interior PM Motor (IPM). The SMPM BLDC motor has non-sinusoidal or trapezoidal flux density distribution in space, while in case of IPM motor-the air gap flux density distribution in space is sinusoidal. The PMBL motors with sinusoidal flux density distribution are also referred as Permanent Magnet Synchronous motors (PMSM). In contrast with SMPM, IPM motors are costly and are having natural reluctance starting torque due to magnetic saliency in the rotor. These IPM motors are reported to be suitable for high speed applications and traction applications [2, 7] .
Permanent magnets have found their applications in widespread applications. These PM machines have found their applications in computer peripherals (like cooling fans of personal computer, CD/DVD drive etc.), fans, pumps, household and office applications like tape recorder, digital audio tape recorder [1, 6] , precision surgery [ 3 ] , EV (Electrical Vehicles like e-bikes, e-scooters and e-cars), EHV (Electric Hybrid Vehicles) [ 4, 5, 8] , turret drive for combat vehicle and aircraft [9 ] , electric propulsors for ship and under water vehicles, sub-sea thrusters [8, 9] , pumps and compressors [10] , micro-generator for smart grid [18] , magnetically levitated contact free micro bearings [19] and multi DOF robotic magnetic actuator [20] etc. Moreover the PMBL motors can be used for continuous load, variable load, to-&-fro drives and also for position sensing applications.
PRINCIPLE OF OPERATION OF PMBL MOTORS
Theoretically, PMBLDC/AC machine is working on the same principle as that of conventional DC machine, except that its commutator is replaced by an electronic commutator. If one considers conventional DC generators connected in parallel to a DC grid, one observes that if the grid voltage is less than the developed EMF, the machine behaves as generator and when the grid voltage is equal to developed EMF the machine floats on the DC grid. However when the supply voltage is more than the developed EMF the machine works as a motor. It is therefore proposed to operate BLDC/AC motor on the same philosophy. Further, in case of two parallel connected DC shunt machines -used in Hopkinson"s Test, the AC induced EMF in a particular coil of first machine has identical zero crossing as that of EMF induced in a similarly disposed coil of the second machine, though the magnitudes of their induced EMF may differ. On the same analogy the controller of PMBLDC/AC motor has been developed. In case of PMBLDC/AC motor, the instant of commutation is important for safeguarding the demagnetization of permanent magnets, better motoring torque and also for mitigating the harmonic contents in the supply current.
PMBLAC motor is similar to an AC synchronous motor with permanent magnet mounted on the rotor and winding on the stator. By using an appropriate sequence of supply to the stator phases a rotating magnetic field on the stator is created and rotor rotates in an attempt to follow the rotating magnetic field. They are also referred as a type of synchronous motor as the stator magnetic field and rotor rotates at same frequency. As has been reported earlier, there are two types of stator winding viz., trapezoidal (SMPM type) and sinusoidal (IPM type) motors. The differentiation is made on the basis of the interconnection of coils in the stator windings to give the different types of back EMF. In addition to the back EMF, the phase current also has trapezoidal or sinusoidal variations in the respective types of motor. This makes the output torque by a sinusoidal motor smoother than that of a trapezoidal motor [11] .
Depending on the spatial distribution of windings and resulting no-load EMF waveforms, the PMBL motors can operate in DC or AC modes. For a trapezoidal back-EMF, PMBLDC operates in 120° mode. When the flux linkage "" or speed induced EMF "e" in a coil increases with the rotor position, a positive armature current is applied with the conduction angle 120° for DC operation and the conduction angle 180° for AC operation. This results in a positive torque. When "" or "e" decreases with the rotor position, a negative armature current is applied resulting in a positive torque. Thus, the whole cycle of flux linkage is utilized for torque production. PMBLAC operation is known to be superior below base speed, whereas PMBLDC -180 operations is better in flux weakening region [2] .
A typical slot star of 12-slot single phase PMBLAC motor is shown in Figure 1 . When only half cycle of EMF is utilised the machine can operate in 120° PMBLDC mode with lesser torque. A permanent magnet enhanced sensing of internal motor reluctance variation [15] . The proposed scheme is an extension of Unnewehr [15] work, where instantaneous rotor position is determined using permanent magnet enhanced sensing of motor EMF variation. The EMF thus obtained is amplified using commercially available P-OPAMP for supplying power to torque producing windings [17, 23, 24] .
The sensing of rotor position is done using Hall Effect sensor, resolvers, use of shaft encoding of The speed induced EMF in the armature coil of field excited or PM excited machine follow the spatial distribution of magnetic flux density distribution in air gap. In case of conventional DC motor or PMBL motor, speed induced EMF in a coil is AC due to rotation of armature coil under the influence of two opposite magnetic poles -rotational magnetization. For motoring operation of PMBL motor, the applied AC coil voltage should be in phase and also higher than that of speed 1463 induced AC back EMF in the coil. Any change in the phase difference between applied voltage and instantaneous winding induced EMF results in change in the torque speed characteristics of the brush less motor [17, 25] . For normal motor operation of PMBL motor, the zero crossing of back EMF is regarded as most suitable signal for commutation of coil current. Though, its use in PMBL motor operation has never been reported in the literature. The speed induced back EMF indirectly gives information about the instantaneous rotor position. When solid state switching devices like IGBT or MOSFET are used, it is difficult to estimate the zero crossing instant of speed induced back EMF of a coil because of several switching harmonics. In the present paper, an attempt has been made to obtain the pattern of speed induced back EMF utilizing PM enhanced sensing of internal EMF variations for the operation of PMBLDC/AC motors.
PROPOSED SCHEME
The paper proposes an alternative, novel and foolproof scheme of operation of PMBLDC/AC motor which can be used in e-bikes or in applications where the provision of starting torque is not a major consideration. The scheme can also be implemented in fault tolerant PMBLDC/AC motor for reliable operation in the event of failure of primary Hall Effect sensor and / or power circuits.
An innovative way is to provide a similar stator of lesser stack length as shown in Figure 6 ; both the stators are facing similarly disposed alternate permanent magnet (PM) N-S-N-S arrangement on its outer hub rotor. The two stators have identical single phase windings as reported in Figure 1 .
The stator (referred as "auxiliary stator") has lesser stack length; its windings have rotational induced voltage of lower values than that of other stator (referred "main stator") winding. The auxiliary stator winding is identical to that of the main stator winding. Due to relative movement between inner armature and outer hub rotor, speed induced EMF of different magnitudes but identical zero crossing appears on both the windings. The auxiliary winding back-EMF is amplified using P-OPAMP either L165 or LM675 [21, 22] . The side view of the developed prototype is shown in Figure 7 (a) and the details of stamping used are depicted in Figure 7 (b).The amplified voltage is then connected to the main winding. The schematic diagram of the windings of the proposed scheme is shown in Figure 8 (a). The scheme with proposed SCR control & P-OPAMP is given in Figure 8 At no-load, the EMF induced in the auxiliary winding is truly a replica of EMF induced in the main winding. This scheme of PMBLDC/AC motor operation does not precisely require rotor position estimation. The details of the prototype are given in APPENDIX-A. Similar construction of outer stator and inner rotor with rotating shaft is possible as shown in Figure 9 [23, 24] .
USE OF POWER OPAMP IN PMBL MOTOR
The operational amplifiers such as 741 series are meant for changing the signal level/voltage that are having current rating of about few mA. These are not suitable for working at higher currents. [21] and LM675 [22] in PM enhanced sensing. The P-OPAMP circuits for L165 and LM675 are shown in Figure 10 The air gap flux is trapezoidal due to mounting of strip magnets, it can be assumed to vary cosinusoidally. As reported earlier, the control of phase angle between main and auxiliary winding EMF results in modifications in the torque speed characteristics of machines. In the present set up, it is possible to create a phase difference between applied voltage and the EMF induced in main winding by two means. First, a slight variation in the alignment of either main winding or auxiliary winding with respect to the perfectly aligned rotors results in a phase difference. Second method includes the electronic correction using the OP AMP circuit. Several similar P-OPAMP circuits can be used in case of multi-phase PMBLDC/AC motors and also in fault-tolerant motors.
EFFECT OF ARMATURE REACTION IN PMBL MOTOR
In conventional DC motors, the armature rotates inside while the outside field is stationary. In the present test motor, the inverted structure has been use to check the feasibility of the proposed scheme. In these motors, the rotors will essentially carry PM. As has been mentioned earlier, the scheme is suitable both for outer stator and inner rotor and vice versa, and can be made for different number of poles and phases. The Magnetic Neutral Axis (MNA) in conventional DC 1467 motor shifts in the direction opposite to that of motor but in present case, the MNA is expected to shift in the direction of rotation. Suppose, a two pole DC motor is running at 1000 RPM, an identical PMBLDC motor due to availability of high power magnets will have lesser diamater giving a comparatively lesser peripheral speed. The shifting of MNA in identical PMBLAC motor will be least as compared to identical conventional DC motor. The effect of armature reaction will be more on main winding, whereas auxiliary winding has no net effect. Since auxiliary winding is not loaded, it does not produce any counter torque. Further, due to armature reaction, there is a possibility of the deteroration of main torque due to difference between zero crossing of applied (amplified auxiliary speed induced EMF) voltage and speed induced EMF of the main winding.
A linear model of PMBL motor is shown in Figure 11 Figure 10 (a). Power Operation amplifier circuit using L165 P-OPAMP for driving PMBLAC motor (firing circuit not shown for clarity) (b) Power Operation amplifier circuit using LM675 P-OPAMP for driving PMBLAC motor (firing circuit not shown for clarity) [17, 21, 22] of EMF induced in the coil. Figure 11 (b) depicts the flux density distribution in space when motor is running without and with magnetic switch, computed using FEM software ANSYS Multiphysics 11.0. In case of magnetic switch, the flux density for two cases approaches zero. This emphasizes the need of providing magnetic switch in design of such types of motor. The windings in BLDC/BLAC operations may be multi-phase although the coil orientation may be unipolar, bipolar or even distributed windings. The PM enhanced sensing of the internal induced EMF variation can be used to study the 120° BLDC/BLAC operations and 180° multi-phase BLDC/BLAC operations. Schmitt trigger may be used to obtain the nearly 120° operation of the PMBL motor. This avoids the use of microcontroller. As has been mentioned earlier, it is also suitable for fault-tolerant and multi-phase PMBL motors. The typical winding arrangement for fault-tolerant and multi-phase motors [23, 24] is shown in Figure 12 . However the disposition of PM also differs in both the schemes. One can visualize rotor having four, six, eight pole construction with these windings.
(a) Scheme -I (b) Scheme-II Figure 12 . Winding divided into different phases
RESULTS
The developed motor was initially operated with Hall sensor and a uni-polar transistorized latch circuit and was found to work satisfactorily at 30V DC. Typical Unipolar Control of PMBLDC motor using Hall sensor and IGBT-without current chopping is shown in Figure 13 . A P-OPAMP L165 with bias voltage of ±15V was initially used to study the feasibility of such scheme [21] . The aim of the current work is to replace Hall-effect sensor and sensorless control by some suitable rotor position sensing scheme. The feasibility of the proposed PM enhanced sensing of rotor internal EMF has been investigated. The air gap of the motor is decreased by pasting an extra layer of strip magnets. When again excited with similar scheme of L165, the bias supply capable of giving 1.0A was found to be overloaded. As a consequence of lesser air gap, the speed induced in coils has increased for the same velocity. The scheme could be made operational using Texas instruments P-OPAMP LM675 having bias voltage of ±30V. The LM675 is a Monolithic P-OPAMP featuring wide bandwidth and low input offset voltage, making it equally suitable for AC and DC applications [22] . The LM675 is capable of delivering output current in excess of 3.0 A, operating at supply voltage of up to 60V. The device overload protection consists of both internal current limiting and thermal shutdown. The amplifier is also internally compensated for gains of 10 or greater. Figure 14 shows the typical Magnetic Vector Potential (MVP) in and around the geometry of the machine which has been computed using commercially available FEM code ANSYS Multiphysics 11.0. Figure 16(a) shows the no-load steady state auxiliary and main winding voltage waveforms, when the rotor is allowed to move due to external starting torque. In the event of frictional loading of rotating outer hub, the waveforms of main and auxiliary winding voltages are shown in Figure 16 The torque-speed characteristics obtained [17] for the test motor upon loading is shown in Figure   19 (a). The theoretical results have been calculated using Ref [25] given in APPENDIX-C and the compared with the experimental results. It can be observed that experimental results validate the theoretical results. [17] The torque-speed characteristics of the prototype motor with different magnets are depicted in 
ISSUES WITH THE PROTOTYPE MOTOR
The fabricated 12 slot, 12-pole single phase PMBLAC motor is not self-starting. PMBLDC motors resembles an AC induction motor wherein the supply frequency is gradually increasing. The natural starting torque in case of PMBL DC motor can be made available by providing multi-phase (two phase and above) winding. In case of shaded pole motor, the natural torque is obtained by shifting the phases of the flux. In PMBLDC motor if the PM flux is impinging the stator slot teeth normally, it will not cause a net starting torque-a condition resulting in cogging torque. But if the PM flux is made to imping the the teeth surface at an angle other than normal, the natural starting torque can be expected. The use of Chirp voltage with rising voltage magnitude and frequency both during starting may result in self starting.
COMPARISON OF SENSING METHODS BY HALL SENSOR H-BRIDGE METHOD & PM ENHANCED SENSING METHOD IN PMBL MOTORS
Number of isolated power supplies needed are large in Hall sensor & latch H-Bridge method, while in PM enhanced sensing single power supply is needed inspite of large number of phases and number of P-OPAMPs used; Harmonics in the current and voltage will be more in case of PWM H-bridge Hall sensor scheme as that of PM enhanced sensing method thereby giving better efficiency in the latter case; Signal conditioning circuit is necessary in H-bridge, while it is not required in present case; Hall sensor based H-bridge is likely to have problems when motor works in vibration prone area but because of rigid construction in case of PM enhanced sensing it is better; Additional PCB"s is mounted on the stator with Hall IC sensor, but in present case overall axial length is slightly increased. Moreover, it is possible the scale down the size of auxiliary stator and rotor such that an increase in axial length can be optimized.
It has been pointed out earlier that the scheme is also suitable used in multi-phase brushless motors and fault tolerant BLDC/AC motors [23, 24] . A typical schematic diagram for such motors is shown in Figure 21 . In absence of proper biasing of P-OPAMP and over current in the load circuit etc. causes major failure of P-OPAMP circuit which may disrupt the operation of PMBLAC motor. Design of robust bias power supply for supplying ±30V with 3A capacity is highly required.
CONCLUSIONS
The proposed scheme of PM enhanced sensing for Brushless motors is tested for single-phase These set of equations exhibit the operation of proposed PMBLAC motor operation in general and can be solved using 3rd order Runge-Kutta method or MATLAB SIMULINK.
APPENDIX-C
The steady-state characteristics of the PMBLDC motor can be obtained by using following equations [25] , 
